ABSTRACT: A concise and environmentally friendly route for the synthesis of diverse indenodihydropyridines (3) via a cascade reaction of 1,1-eneamines (1) with benzylidene-1H-indene-1,3(2H)-diones (BIDs) (2) in ethanol media was developed. The targeted compounds were efficiently obtained by only filtration without any further post-treatment. In the one-step cascade reaction, C−C and C−N bonds were constructed. In addition, when 1,4-dioxane was used as a solvent and the mixture of 1,1-eneamines (1) was refluxed with benzylidene-1H-indene-1,3(2H)-diones (BIDs) (2) for about 12 h, indenopyridine compounds (4) were produced. Two kinds of indenopyridine derivatives 3−4 resulted from alternative solvents and temperatures. The reaction had the following features: mild temperature, atom economy, high yields, and potential biological activity of the product.
■ INTRODUCTION
Group-assisted purification 1, 2 allows for the synthesis of diverse compounds without using traditional purification technologies such as column chromatography. The focus of this technology is the search for eco-friendly reagents and reactions to reduce the waste generated from silica and solvents, particularly toxic solvents. The aim is the development of an environmentally friendly and efficient method to construct C−C and C−N bonds for the synthesis of N-containing heterocyclic compounds. 3−5 Pyridine derivatives are vital N-containing heterocyclic compounds that are widely found in natural products and synthetic drugs. 6−22 Consequently, more pyridine derivatives have been designed and synthesized. 6−22 Among them, 1,4-dihydropyridines and pyridine compounds have interesting biological activity. For example, 1,4-dihdropyridines have various biological activities and are widely used as drugs including calcium channel blockers (for example, nifedipine, nimodipine, mebudipine, and felodipine, Figure 1 ), 6 −8 mineralocorticoid receptor antagonists, 8 sirtuin activators and inhibitors, 9 transforming growth factor-β signaling inhibitors, 10 CB2 receptor agonists, 11 cardiodepressant activators, 12 and Alzheimer's disease medications. 13, 14 Similarly, the pyridines have broad-spectrum biological activity such as anti-human immunodeficiency virus, 15 antitumor, 16−18 anti-inflammatory, 19 antifungal, 20 antihistamine, 21 antidepressant, antiarthritic, antidiabetic, antiglaucoma, 22 and antiprion. The indenonucleolus is a core unit of various natural alkaloids like onychnine and polyfothine ( Figure 2) . 23, 24 Combining the structure of pyridines or 1,4-dihydropyridines with indenones in one molecule is especially important for novel pharmaceutical molecules. Consequently, various indenopyridines have been constructed; 25−32 these compounds ( Figure 2 ) are important pharmaceuticals and bioactive natural products. They have wide-spectrum biological activities and are mainly used as antitumor or antiproliferative drugs 25−29 ( Figure 2 ; TAS-103, 25 6-aryl-indeno[1,2-c]quinolones, 26 compounds A 28 and B 29 ). However, the molecules of 1,4-dihydropyridines combined with indenones are not extensively used. Therefore, the development of effective methods for the rapid preparation of the indenodihydropyridine (IDDP) library is urgent.
1,1-Enediamines (EDAMs) are fascinating and versatile building blocks that are widely used to synthesize various fused heterocyclic compounds. 33−50 We have used EDAMs as bisnucleophilic reagents to react with isatins via a cascade reaction for the synthesis of indenopyridine derivatives 33, 34 (Scheme 1). 33 Other researchers have used a diversity of enamines as substrates for the synthesis of various indenopyridine derivatives through cascade reactions. 35−38 Based on the importance of indenopyridine derivatives, we explored the cascade of EDAMs for synthesis of indenopyridine derivatives including indenopyridines and IDDPs.
In this article, we describe a cascade strategy for the convergent synthesis of a kind of IDDPs (3) and a type of indenopyridines (4) through alternative solvents and temperatures. We realize that one protocol for synthesis of two kinds of heterocycles kills two birds with one stone. The reaction is particularly attractive due to the following features: ecofriendliness (EtOH as a solvent and without column chromatography for compound 3; air as an oxidant to obtain compound 4), mild temperature, atom economy, high yields, and potential biological activity of the product.
■ RESULTS AND DISCUSSION
To obtain the indenopyridine derivatives, we searched for the optimal reaction conditions that were based on the model reaction of the reaction of EDAM 1a with benzylidene-1H-indene-1,3(2H)-dione (BID) 2a. Solvents including acetone, ethanol, and 1,4-dioxane (Table 1 , entries 1−3) were screened. The results showed that the reaction could proceed in ethanol at room temperature (r.t.) without any promoters (Table 1, entry 2) and give the target compound 3a with 50% yield. With the same solvent (ethanol) and increased reflux temperature, the reaction produced compound 3a with a good yield (91%) ( Table 1 , entry 5). Using 1,4-dioxane as a solvent and refluxing for about 12 h resulted in the target compound 4a with 90% yield (Table 1 , entry 6). Different bases such as Cs 2 CO 3 , tBuOK, and Et 3 N, and acid promoter HOAc were added to the reaction mixture. The results showed that the three bases could not promote the yield of the cascade reaction. Among them, Cs 2 CO 3 and t-BuOK made the reaction more complicated due to their stronger alkalinities (Table 1 , entries 7 and 8). The promoters Et 3 N and HOAc slightly decreased the yield of the reaction (Table 1 , entry 5 vs 9 and 10). Different promoters including Cs 2 CO 3 , t-BuOK, and Et 3 N and HOAc were added to 1,4-dioxane and refluxed for 12 h. The promoters Cs 2 CO 3 , tBuOK, and Et 3 N also slightly decreased the yield of the reaction (Table 1 , entry 5 vs 11−13). When HOAc was used as a promoter, the reaction produced the indenopyridine 4a with 60% yield (Table 1, entry 14) . Finally, the reaction time was screened and it was revealed that the cascade reaction for synthesis of 3a in ethanol and refluxing for about 6 h led to the 
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Article best yield (Table 1, entry 5 vs 15 ). The results showed that the optimal reaction for synthesis of IDDP 3a is the mixture in an environmentally friendly solvent and refluxing for about 6 h without any promoter. The optimal reaction for production of the indenopyridine 4a was 1,4-dioxane used as a solvent and refluxing for 12 h without any promoter (Table 1, entry 6 vs 16) .
Based on the optimal reaction conditions, we further investigated the scope and generality of the cascade reaction of the EDAMs 1 with BIDs 2. Different substituted EDAMs 1 and other BIDs 2 were used in this protocol (Table 2 , entries 1− 21). The results revealed that the substituted group on EDAMs 1 has only a slight influence on the yield. Similarly, the substituted groups of BIDs 2 also had slight effects on the yields of the reaction. We concluded that different EDAMs 1 and a variety of BIDs 2 are good substrates for this cascade reaction and produce the target compounds 3a−u with excellent yields (90−98%).
To obtain the indenopyridine compound library, we further explored the universality of the cascade reaction for synthesis of compounds 4. A variety of EDAMs 1 and BIDs 2 were combined in this reaction under the optimal conditions (Table 3 , entries 1−13). The results showed that the substituted EDAMs 1 had only a slight effect on the yields of compounds 4. In addition, the different substituents (H, F, Cl, Me, and OMe) at the 4 and 4′ positions of BIDs 2 also had a slight effect on the yield of compounds 4. In general, the yield of the electron-withdrawinggroup-substituted BIDs 2 was higher than that of the electrondonating-group-substituted compound ( Table 3 , entry 1 vs 7−8 vs 9). In summary, all of EDAMs 1 and BIDs 2 can be used as substrates to produce high yields of the target compounds 4.
Products 3−4 were characterized by proton nuclear magnetic resonance ( 1 H NMR), 13 C nuclear magnetic resonance ( the structure of the highly functionalized indenopyridine derivatives, compound 4h was selected as the representative compound and characterized by X-ray crystallography, as shown in Scheme 2 (CCDC 1885549) (ellipsoids are drawn at the 30% probability level). A proposed mechanism for this cascade reaction is shown in Scheme 2. First, the α-C of EDAMs 1 attacks the CC bond of the BIDs 1 to generate the intermediates 5 via a Michael reaction promoted by the base (EDAMs 1); high site-selectivity of this step is vital. Second, the intermediates 5 form the intermediates 6 via imine−enamine tautomerization. Next, the intermediates 7 are obtained through the enol−keto tautomerization of intermediate 6. Then, the intermediates 8 are produced by the intramolecular cyclization of the intermediates 7 where the amino group attacks the carbonyl of intermediates 7. Finally, the intermediate 8 loses one molecule of water to produce the target compounds 3.
The target compounds 3 can be easily oxidized by oxygen of air at high temperature (by refluxing 1,4-dioxane). This oxidation reaction can also proceed at room temperature for 1−2 weeks. For example, when we cultivate the single crystal of compound 3m (for about 2 weeks), the only result is the structure of 4h rather than that of the compound 3m. We believe that the target compounds 3 produce compounds 4 via oxidation reactions.
■ CONCLUSIONS
We report a concise and environmentally friendly route for the synthesis of diverse IDDPs (3) via a cascade reaction of 1,1-eneamines (1) with benzylidene-1H-indene-1,3(2H)-diones (BIDs) (2) in ethanol media without any promoters. The targeted compounds were efficiently obtained by only filtration without any further post-treatment. Indenopyridine compounds (4) were constructed by the cascade reaction of EDAMs 1 with BIDs 2 in 1,4-dioxane and refluxing for 12 h without any promoters. The result was two kinds of indenopyridine derivatives 3−4 through alternative solvents and temperatures. The reaction had the following features: mild temperature, atom economy, high yields, and potential biological activity of the product.
■ EXPERIMENTAL SECTION
General Methods. All compounds were fully characterized by spectroscopic data. The NMR spectra were recorded on a Bruker DRX500 or DRX600. Chemical shifts (δ) are expressed in parts per million, J values are given in hertz, and deuterated dimethyl sulfoxide (DMSO)-d 6 or CDCl 3 was used as a solvent. IR spectra were recorded on an FTIR Thermo Nicolet Avatar 360 using a KBr pellet. The reactions were monitored by thin- 
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Article layer chromatography (TLC) using silica gel GF 254 . The melting points were determined on an XT-4A melting point apparatus and were uncorrected. HRMS were performed on an Agilent LC/MSD TOF instrument. X-ray diffraction was carried out by APEX DUO.
All chemicals and solvents were used as received without further purification unless otherwise stated. All chemicals were purchased from Adamas-β. Column chromatography was performed on silica gel (Qingdao, 200−300 mesh). Compounds 1 were prepared according to the literature. 50, 51 General Procedure for the Synthesis of Compounds 3a−u. EDAMs 1 (1.1 mmol) were dissolved in ethanol (20 mL), and then, BIDs 2 (1.0 mmol) were added to the mixture. The mixture was stirred by refluxing for about 6 h until full consumption of BIDs 2, which was observed by thin-layer chromatography (TLC). The formed precipitate was then filtered and washed with ethanol and a mixture of petroleum ether and ethyl acetate (petro/AcOEt = 1/1) solution to produce the pure products 3a−u. The products were further identified by NMR spectroscopy, FTIR spectroscopy, and HRMS.
2 55.4, 110.1, 111.7, 114.4, 121.4, 121.6, 128.4, 129.8, 130.4,  130.5, 130.5, 130.8, 131.4, 132.7, 136.3, 142.7, 151.8, 152.4 General Procedure for the Synthesis of Compounds 4a−m. EDAMs 1 (1.1 mmol) were dissolved in 1,4-dioxane (20 mL), and then, BIDs 2 (1.0 mmol) were added to the mixture. The mixture was stirred by refluxing for about 12 h until full consumption of BIDs 2, which was observed by thin-layer chromatography (TLC). The reaction solution was poured into 30 mL of water and extracted with an appropriate amount of ethyl acetate. The combined organic phases were dried with anhydrous Na 2 SO 4 and then separated by column chromatography (petro/AcOEt = 30/1) to obtain pure target products 4a−m with 82−90% yield. The products were further identified by NMR spectroscopy, FTIR spectroscopy, and HRMS. The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acsomega.9b00407.
Spectroscopic and analytical data as well as the original copy of 1 H and 13 C NMR spectra of all new compounds (PDF) X-ray crystallographic data (CIF file) of compound 4h (CCDC 1885549) (CIF)
